Background: Increased total triiodothyronine (TT 3 ) assay results in apparently euthyroid patients triggered an investigation of the effect of blood collection tubes on serum TT 3 and other laboratory assays. Methods: We examined potential assay interference for three types of tubes: plastic Greiner Bio-One
Over the past two decades, there have been substantial changes in the tubes that are used for collection of blood for most laboratory tests. Two of the most obvious changes that have been widely adopted are (a) the use of serum separator tubes, which include a gel that serves as a barrier between serum and the clot containing cellular elements, and (b) substitution of plastic for glass as the primary tube component. These changes in tubes provided several practical operational advantages, such as reduced centrifugation time, ability to use primary collection tubes for testing, increased sample stability in collection tubes, decreased breakage hazard, decreased weight, and suitability for disposal by incineration (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . These practical advantages generally are achieved without affecting the quality of laboratory results. Plastic blood collection tubes have been widely shown to be suitable for routine clinical chemistry analytes, hormone analysis, and therapeutic drug monitoring (1, 2, (5) (6) (7) (8) .
Blood collection tubes, however, represent much more complex devices than is commonly appreciated by laboratory workers. There are multiple components ( Table 1) that may influence clot formation, cause interaction with the tube and stopper surface, and either shed materials into the samples or adsorb components from the sample. Previous studies have suggested that serum separator tubes may have small analytical effects on many assays, but apart from the problem with therapeutic drugs, none of these effects was considered to be clinically significant (1, 3, (5) (6) (7) (8) (9) (10) (11) (12) (13) . Mass spectrometry recently has shown that many types of tubes shed polymeric materials into samples and that these may interfere with some types of analyses, such as protein profiling (14 ) . In the present study, evidence of a substantial effect of blood collection tubes on serum total triiodothyronine (TT 3 ) results prompted an investigation of the effects of collection tubes on TT 3 and other laboratory assays.
Materials and Methods sample collection
Three types of evacuated blood collection tubes were examined in this study: (a) the Vacuette TM tube (a red and yellow top plastic tube with gel separator; 13 ϫ 75 mm; cat. no. 454067; lots B120307 and B04040L); (b) the glass tube (a red-top glass Vacutainer TM no-additive blood tube; 10.25 ϫ 64 mm; cat. no. 366397; lots 3253846 and 3029306); and (c) the SST TM tube, (a gold-top Vacutainer plastic tube with gel separator; 13 ϫ 75 mm; cat. no. 367983; lots 4034512 and 3308587). The glass collection tubes were considered the control tubes in this study because this tube type has been the standard device for collecting serum samples for over five decades and these tubes contain no clot activator, internal tube coating, or separator gel (Table 1 ). The first tube type was purchased from Greiner Bio-One TM , and the latter two tube types were obtained from Becton-Dickinson (BD). The composition and additives for the glass, Vacuette, and SST tubes are shown in Table 1 . For serum TT 3 only, plastic red-top (cat. no. 367820; lots 3178911, 4033349, and 3328498) and tiger-top Vacutainer tubes (speckled; cat. no. 367975; lots 4042780, 3251239, and 3211254) from BD were also examined. All blood collection tubes were used before their expiration dates.
Blood samples were drawn after written informed consent from apparently healthy volunteers (age range, 30 -60 years; 15 males and 34 females) by trained technologists using a butterfly connected to a vacuum tube holder. Blood samples were collected into glass, Vacuette, and SST collection tubes in a randomized drawing order, and the tubes were filled to capacity. The blood collection tubes were inverted eight times after blood draw to ensure proper mixing of the blood with clot activators. Serum was obtained after clotting for 30 min at room temperature followed by centrifugation at 2000g for 5 min. All samples were processed within 2 h of blood collection. Serum drawn in Vacuette and SST tubes remained on the separator gel, whereas serum drawn in glass tubes was transferred into 13 ϫ 75 mm test tubes. These samples were kept capped at room temperature until testing within 3 h or were stored between testing intervals at 4°C for up to 2 days. As an alternative approach to test for possible tube interference from plastic tube additives, pooled serum collected from glass collection tubes was pipetted into each of the three tube types and placed on a roller mixer for 30 min before analysis.
laboratory analysis
Immunoassay analytes. Serum TT 3 concentrations in samples from 49 apparently healthy volunteers were measured in random order after collection in three different tube types on an IMMULITE 2000 analyzer (Diagnostic Products Corporation). Serum samples were analyzed in the same run in duplicate. Three reagent lots and one calibrator lot were used for the IMMULITE 2000 analyzer during the study. The reportable range of the IMMULITE 2000 TT 3 assay is 0.62-9.24 nmol/L. The intra-(n ϭ 21) and interassay (n ϭ 21) CVs for the IMMULITE TT 3 assay were, respectively, 6.7% and 8.1% at 1.36 nmol/L, 9.4% and 15% at 3.19 nmol/L, and 16% and 16% at 5.56 nmol/L. Serum samples from healthy volunteers (n ϭ 23) were also assayed for TT 3 concentrations by an AxSYM automated fluorescent analyzer (Abbott Laboratories). The reportable range of the AxSYM TT 3 assay is 0.46 -12.32 nmol/L. The intra-(n ϭ 80) and interassay (n ϭ 80) CVs for the AxSYM TT 3 assay were, respectively, 3.8% and 8.7% at 0.97 nmol/L, 0.7% and 5.5% at 2.40 nmol/L, and 1.2% and 4.2% at 5.82 nmol/L. All assays examined, including TT 3 , gave satisfactory internal and external quality-control results during the study.
The same serum samples were also analyzed on an IMMULITE 2000, according to the manufacturer's instructions, for thyroid-stimulating hormone, sex hormonebinding globulin, growth hormone, ferritin, insulin, and ␤ 2 -microglobulin by immunometric principles with labeled detection antibodies and binding antibodies immobilized to polystyrene beads. Total and free thyroxine, folate, vitamin B 12 , cortisol, C-peptide, thyroid-binding globulin, dehydroepiandrostendione sulfate, and testosterone were measured by competitive immunoassays using limited immobilized antibodies and labeled hormones. Serum samples from each volunteer were analyzed singly in the same batch.
Routine chemistry analytes. Routine chemistry analytes were measured in the sera collected in SST and Vacuette tubes from apparently healthy volunteers (n ϭ 20) with a . Anti-nuclear, anti-double stranded-DNA, anti-extractable nuclear antigen, and anti-Jo-1 antibodies were assayed by ELISA on the PhD TM System (Helix Diagnostics). Anti-Epstein-Barr virus-viral capsid antigen IgG antibodies were determined by a slide immunostaining method using horseradish peroxidase-conjugated anti-IgG and peroxide for detection. Serum samples from each volunteer were analyzed in random order in the same run in singleton. The methodologies and assay imprecision for the quality-control materials are shown in Table 2 of the online Data Supplement. All immunology assays were from the same reagent and calibrator lots.
studies of interference from tube components
To determine whether serum TT 3 measured on the IM-MULITE 2000 analyzer is affected by the clot activator, internal tube coating, or the lubricant from the rubber stopper, we used a dry gauze sponge to remove the clot activator, internal coating, and rubber stopper lubricant from each tube type, including plastic red-and tiger-top Vacutainer tubes. The separator gels were not disturbed during the process. A 2-mL aliquot of a serum pool from glass tubes was then added to the unaltered tubes and the cleaned glass, Vacuette, SST, and red-and tiger-top tubes (n ϭ 5). Serum from each tube type was mixed on a roller mixer for 30 min at room temperature before analysis to assure contact of the serum with the entire tube surface. To examine the effect of serum contact with rubber stoppers, serum sample from each tube type were exposed to the respective rubber stoppers by inversion of the collection tube for 30 min and the results were compared with serum samples from the same tube type that were not inverted (n ϭ 5). Serum TT 3 concentrations in these studies were analyzed in the same analytical run in duplicate.
statistical analysis
The means of the duplicate results for each TT 3 sample were used for statistical analysis. All other serum analytes from each sample were analyzed in singleton. The results are reported as the mean (SD). Results for all measured analytes obtained from the three different collection tubes were compared by the two-tailed Student t-test or Wilcoxon signed-rank test for paired samples and by repeated-measures ANOVA. For TT 3 , Passing-Bablok regression analysis was used to compare the results among collection tube types; 95% confidence intervals for the slope and intercept were calculated from the standard error of regression and used to determine concordance with the target values of 1.00 and 0.00, respectively (15 ) . Spearman rank correlation coefficients and Bland-Altman plots were used to assess the difference between TT 3 results obtained with different types of collection tubes (16 ) To determine whether statistically significant differences in analyte concentrations among tube types were clinically relevant, we used the significant change limit method, as described by Boyanton and Blick (17 ) . Briefly, the mean for each analyte in the glass or Vacuette tube represented the initial value. The usual SD used for calculating the significant change limit was based on the mean SD of the quality-control data for the previous 6 months for each respective analyte. The quality-control material whose target mean most clearly matched the initial value from either glass or Vacuette tubes for each analyte was used to determine the usual SD. The significant change limit was calculated for each analyte by determining the range (Ϯ2.8 usual SD) from the mean of glass or Vacuette tubes. Serum analyte concentrations from the different collection tubes that exceeded their respective significant change limits were considered to be clinically significant.
Results

apparent shift in patient tt 3 results
The laboratory was contacted by a clinician in February 2004 about suspected falsely increased TT 3 results for patients who were clinically euthyroid and had otherwise normal thyroid function tests. Repeat analysis of the samples in question yielded similar TT 3 values, and there was no evidence of analytical assay problems, as assessed by an examination of recent quality-control test results, proficiency test results, and calibration curves. Inspection of the distribution of TT 3 results for all patients, however, did reveal an apparent shift ( (Fig. 1A) . The percentage of patient results above the reference interval increased from 11.3% (1031 of 9139) to 35.8% (664 of 1855). During this time interval, the same IMMULITE 2000 TT 3 assay and SST collection tubes were used, and there was no obvious change in patient demographics. Inspection of weekly means of patient serum TT 3 results measured on the IMMULITE 2000 analyzer also revealed several apparent shifts in the previous 3-year period (Fig. 1B) .
In July 2002, there was a downward shift in serum TT 3 results, which was apparently observed by other users of the IMMULITE 2000 TT 3 assay as well (18 ) (Fig. 1B, arrow  a) . In response, the manufacturer reformulated and recalibrated the assay beginning with lot no. 144 of the L2KT3 reagent set (18 ) , and when the new assay was implemented by our laboratory in December 2002, we observed an upward shift of the serum TT 3 results (Fig. 1B, arrow  b) . No change in the reference interval of the assay was recommended by the manufacturer during this time period. However, an unexplained gradual upward shift in the serum TT 3 results appeared, starting around January 2004. A reference interval study was performed on apparently healthy volunteers, and the reference interval was changed from 1.26 -2.76 nmol/L to 1.54 -3.31 nmol/L. The laboratory then began an investigation of the source of the shift in assay values. After identification of assay interference from blood collection tubes in July 2004, the serum TT 3 results shifted back to the previous range after the laboratory switched from plastic SST tubes to Vacuette plastic collection tubes (Fig. 1B, arrow c) .
blood collection tube comparison of serum tt 3 To assess the possible contribution of blood collection tubes to problems with the TT 3 assay, serum samples were collected in three tube types: glass tubes (a red-top glass Vacutainer, no additive blood tube; 10.25 ϫ 64 mm); SST tubes (a gold-top Vacutainer plastic tube with gel separator; 13 ϫ 75 mm); and Greiner Bio-One Vacuette tubes (a red and yellow-top plastic tube with gel separator; 13 ϫ 75 mm). The means of the TT 3 concentrations measured in 49 serum samples from each type of blood collection tube measured on the IMMULITE 2000 analyzer are shown in Table 2 . The results of Passing-Bablok regression analysis of serum TT 3 concentrations among tube types are shown in Fig. 2 , A, C, and E. The serum TT 3 concentrations obtained with the SST tubes showed a significant positive proportional difference compared with glass and Vacuette tubes (Fig. 2, A and E, respectively). Serum TT 3 concentrations from glass and Vacuette tubes did not demonstrate significant differences (Fig.  2C) .
For the Bland-Altman plots of the 49 serum samples (Fig. 2, B effect of tube lot-to-lot variation on serum tt 3 
results
We investigated a defective lot of SST tubes as a possible source of the increase in TT 3 concentrations by comparing the predominant lot of SST tubes in use at the time (lot no. 3308587) with a new lot of SST tubes (lot no. 4034512). We also tested multiple lots of the other tube types. We observed a significant lot-to-lot variation for serum TT 3 concentrations with the SST tubes (lot nos. 3308587 vs 4034512; 2.97 and 2.59 nmol/L, respectively; n ϭ 10; P ϭ 0.003) but not with the glass collection tubes (lot nos. 3253846 vs 3029306; 2.32 and 2.34 nmol/L, respectively; 3 results from serum collected in the new lot of tubes were still higher than those with the other two tube types (P ϭ 0.03). 
tube types and different immunoassay methods
To determine whether tube types had similar effects on different TT 3 methods, we measured serum TT 3 in samples collected with the different collection tubes on both the IMMULITE 2000 and AxSYM analyzers (n ϭ 23). We observed no significant differences in serum TT 3 concentrations among different tube types on the AxSYM analyzer (P ϭ 0.98). The serum TT 3 concentration in glass, Vacuette, and SST tubes measured on the AxSYM was 1.24, 1.23, and 1.25 nmol/L, respectively. In contrast, we found significant differences in serum TT 3 To determine whether TT 3 measured on the IMMU-LITE 2000 analyzer was affected by the clot activator, internal tube coating, or lubricant on the rubber stopper, we transferred serum samples from glass tubes to tubes that were cleansed with a gauze sponge to remove coatings on the tube and rubber stopper, as described in the Materials and Methods. The results indicated that the TT 3 concentrations were significantly higher in unaltered compared with cleaned tubes for SST (2.48 vs 1.99 nmol/L, respectively; n ϭ 5, P ϭ 0.01) but not glass (1.48 vs 1.57 nmol/L, respectively; n ϭ 5; P ϭ 0.43) or Vacuette tubes (1.45 vs 1.51 nmol/L, respectively; n ϭ 5; P ϭ 0.30). Although not statistically significant, measured TT 3 concentrations were higher in unaltered compared with cleaned tubes for red-top (2.22 vs 1.97 nmol/L, respectively; n ϭ 5; P ϭ 0.13) and tiger-top (2.48 vs 2.13 nmol/L, respectively; n ϭ 5; P ϭ 0.14) Vacutainer collection tubes. These findings support the hypothesis that the coating in the collection tubes and the lubricant on the rubber stopper are the interferent from SST tubes.
To further establish whether the increased TT 3 concentrations found in the SST tubes were attributable to contact with its rubber stopper or the materials applied to it, we exposed serum samples from each tube type to the respective rubber stopper by inversion of collection tubes and compared the results with serum samples from the same tube type that were not inverted (n ϭ 5). TT 3 concentrations were higher in samples exposed to the rubber stoppers compared with those that were not exposed to rubber stoppers for SST (2.74 vs 2.36 nmol/L, respectively; P ϭ 0.03) but not the glass (1.98 vs 1.97 nmol/L, respectively; P ϭ 0.96) and Vacuette collection tubes (1.96 vs 2.00 nmol/L, respectively; P ϭ 0.45).
Recently, SST tubes with a new separator gel formulation, Vacutainer SST II (plastic tube; 13 ϫ 100 mm; cat. no. 367955; lot no. 3293573), have been developed and marketed by BD. We examined whether TT 3 concentrations obtained from SST and SST II tubes differed (n ϭ 10). We found significant differences between the SST and SST II tubes (2.98 and 2.77 nmol/L, respectively; P ϭ 0.02), but both the SST and SST II tubes gave higher TT 3 results than glass and Vacuette tubes (2.34 and 2.33 nmol/L, respectively; P ϭ 0.03). Therefore, the positive interference observed with the SST and SST II tubes on the IMMULITE 2000 TT 3 assay is independent of the type of separator gel.
effect of tube types on other assays
In view of the effect of collection tubes on TT 3 results, we tested other serum assays in the laboratory with samples collected in the three tube types. Serum samples from 49 apparently healthy volunteers were tested on the IMMU-LITE 2000 analyzer for the assays shown in Table 2 . We observed statistical differences (P Ͻ0.003) between tube types for 10 of the 17 serum analytes examined. The difference between glass and SST tubes was Ͼ10% for progesterone, TT 3 , cortisol, thyroid-binding globulin, total thyroxine, and insulin, whereas only thyroid-binding globulin differed by Ͼ10% for glass vs Vacuette tubes (Table 2) . Apart from TT 3 , none of the other test differ-
Clinical Chemistry
ences would be regarded as clinically important (Table 2) based on the calculated significant change limit for each test (17 ) . Similarly, we tested the effect of collecting serum in SST and Vacuette tubes on general chemistry analytes and immunology tests (Tables 1 and 2 , respectively, in the online Data Supplement). The difference between the two types of tubes (mean SST Ϫ mean Vacuette ) was statistically significant (P Ͻ0.002) for 6 of 30 measured general chemistry analytes, but the magnitude of these differences was small (range, Ϫ3.15% to 5.18%) and not considered to be clinically relevant (17 ) . For all of the immunology analytes examined, we observed no significant differences in results between the Vacuette and SST collection tubes (mean SST Ϫ mean Vacuette ; Table 2 in the online Data Supplement).
Discussion
In the present study, TT 3 concentrations in serum samples collected in SST tubes were significantly higher than those collected in glass and Vacuette tubes ( Table 2 and Fig. 2) , and interference by tube additives is the most likely explanation ( Table 1 ). The magnitude of the difference in TT 3 concentrations between SST and glass and Vacuette tubes was determined to be clinically relevant based on its significant change limit [ Table 2 and Ref. (17 )]. We also observed a higher serum TT 3 concentrations in Vacuette compared with glass tubes (Table 2 and Fig. 2 ), but the magnitude of the difference in serum TT 3 concentrations between Vacuette and glass tubes was not clinically significant (Table 2 ). According to a National Academy of Clinical Biochemistry guideline (19 ) , which takes into account analytical variability together with between-and within-person biological variability for serum TT 3 , an absolute serum TT 3 difference Ͼ0.54 nmol/L constitutes a clinically significant change. The clinical significance of the tube effects on measured TT 3 concentrations was further supported by a substantial change in the fraction of patients classified as having increased TT 3 (Fig. 1A) , which could cause possible misinterpretation, misdiagnosis, or even incorrect treatment of patients.
The substantial lot-to-lot variation of SST tube effects on TT 3 suggests that the positive bias between TT 3 results cannot be adequately compensated by an adjustment in the reference interval. We also observed higher measured serum TT 3 Overall, these results suggest that the SST tubes and other plastic serum blood collection tubes from this manufacturer are not suitable for performing the TT 3 assays on the IMMULITE 2000 analyzer, although the tubes appear to be suitable for TT 3 analysis on the AxSYM analyzer. The SST tubes, however, appeared to function acceptably for all other laboratory tests that were examined (Table 2 and  Tables 1 and 2 in the online Data Supplement). The effect of the blood collection tubes on any assay, however, should be considered in the context of the total allowable error; thus the overall diagnostic utility of some of the other assays that showed a blood collection tube bias may still be adversely affected by the problem with the BD collection tubes.
The identity of the interfering substance in the SST tube is not known, but as shown in Table 1 , there are only a few possible candidates. The main difference among the glass, Vacuette, and SST tubes is the interior coating. A silicone polymer was used to coat the interior of the SST but not the glass or Vacuette tubes (Table 1) . Silicone is used to fix the silica powder (clot activator) to the plastic tubes and as a stopper lubricant (20 ) . The silicone coating in the tubes is also used to reduce adherence of erythrocytes to the walls of the collection tubes (20 ) . Previous reports have shown that silicone-coated collection tubes can interfere with ion-specific electrode determinations of both ionized magnesium (21) (22) (23) (24) and lithium (20 ) , causing falsely increased concentrations. In addition, the watersoluble silicone polymer coating the interior of serum separator tubes has been shown to interfere negatively with avidin-biotin binding in an IRMA for thyrotropin, prolactin, and human chorionic gonadotropin (25 ) . Interestingly, the higher TT 3 results obtained in the red-and tiger-top compared with glass collection tubes may also be attributable to the silicone polymer because both of these tubes have silicone as an internal tube coating and stopper lubricant (26 ) . It is important to note, however, that Vacuette tubes also contain silicone as a lubricant on the rubber stopper but not as a coating on the interior of the tube [ Table 1 ; personal communication with Greiner Bio-One technical services; Ref. (27 ) ]. Hence, the presumably smaller amount of silicone present on the rubber stopper of Vacuette tubes may explain the small mean difference in measured TT 3 in these tubes compared with the glass tubes, which have glycerin as the stopper lubricant with no internal tube coating [ Tables 1 and 2 and Fig. 2D ; Ref. (26 ) ].
In our study, removing the clot activator, internal tube coating, and lubricant from the rubber stopper with a gauze sponge significantly decreased the measured serum TT 3 concentration in SST and other BD plastic serum tubes, thus supporting the hypothesis that an interferent, such as silicone, coating the tubes and as a stopper lubricant falsely increases the serum TT 3 concentration measured by the IMMULITE TT 3 assay. However, tube additives other than silicone used to coat the interiors of SST tubes (i.e., polyvinylpyrrolidone, polyethylene oxide, and polyvinyl alcohol) may also be responsible for the falsely increased serum TT 3 concentrations in SST compared with glass or Vacuette tubes when measured on the IMMULITE 2000 analyzer (28 ) .
The falsely increased serum TT 3 concentrations obtained from the SST and other plastic BD serum tubes measured on the IMMULITE 2000 analyzer may also be dependent not only on the presence of silicone, but also on the quantity in the collection tubes. This point is supported by the observation that the measured TT 3 in serum exposed to SST tubes with rubber stoppers was significantly higher than TT 3 values for serum exposed to SST tubes without rubber stoppers. It is also conceivable that not all collection tubes were coated during production with a homogeneous layer of the silicone coating in the tubes and/or on the rubber stoppers. Hence, this possible variation in quantity of silicone in the collection tubes may explain the differences in measured serum TT 3 concentrations among the tube types and among the different SST tube lots (Table 2 and Fig. 2) . The mechanism of interference of tube components with the IMMULITE 2000 TT 3 assay is not clear. Further studies are warranted to elucidate the exact mechanism by which tube components interfere with the TT 3 assay.
It is noteworthy that participation in internal and external quality assurance programs would not reveal the type of preanalytical problem described in this study. Proficiency samples received by the clinical laboratory for evaluation are contained in the same type of sealed vials or tubes; therefore, any effect of variations in collection tube components on the analyte test result(s) would have been excluded from these proficiency samples. This is of particular importance for clinical laboratories that receive serum or plasma samples collected in different types of tubes from different manufacturers. Although it was done only retrospectively, in this case the routine monitoring of moving averages based on patient data may be potentially useful for identifying future tube-related problems (Fig.  1B) . Moving average procedures are often criticized for (a) being time-consuming and insensitive compared with common quality-control rules (29, 30 ) ; (b) being complex, thus requiring sophisticated computer programs to smooth the patient data and to produce meaningful graphic summaries (29, 30 ) ; and (c) being unduly sensitive to outlying groups of patient results (29, 30 ) . Despite these limitations, the moving average data would have alerted, in this case, the laboratory to an increase in TT 3 concentrations in patient samples that conventional internal and external quality-control material missed.
Other than increased vigilance when inspecting laboratory results and improving the feedback between the clinical laboratory and clinicians, there is not much that clinical laboratories can do to readily detect blood collection tube problems. It is impractical for clinical laboratories to repeat a tube evaluation study with each new lot of tubes, but laboratories should consider comparing results from separate lots of the same tube type to detect any lot-to-lot variations when first evaluating a new tube. Similarly, it is impractical for tube manufacturers to test their tubes on all the various assay platforms, but they should ensure during the manufacturing process consistency in the amount and quality of any tube additives. Diagnostic companies could also help in the identification of future tube problems by providing detailed information not only on the tube type but the commercial source of the tubes that they use when determining the reference interval for any new assay. Any reference interval study done by diagnostic companies on previously developed assays with older tubes that are no longer widely used, such as glass tubes, should ideally be repeated with tube types that are currently used by their customers. Finally, all stakeholders in this issue should be more vigilant about the effect of blood collection tubes on laboratory assays and work together to prevent and minimize the problem.
Since 4 , folate, vitamin B 12 , folliclestimulating hormone, hepatitis B surface antigen, cancer antigen 27.29, and cortisol). BD has recommended alternative blood collection tubes that can be used in the interim until the SST tube interference problem is resolved.
